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D REGION ELECTRON DENSITY MEASUREMENTS DURING THE SOLAR ECLIPSE 

O F  MAY 20,  1966 

J. A .  Kane 
Laboratory for Space Sc iences  

NASA Goddard Space F l i g h t  Center  

ABSTRACT 

Rocket (Underwood and Muney, 1967) and s a t e l l i , t e  
0 

obse rva t ions  of 1 - 8 A  X-ray emiss ions  i n d i c a t e  t h a t  
t h e  s o l a r  e c l i p s e  of May 20, 1966, occur red  du r ing  a 
pe r iod  i n  which t h e  sun  was moderately a c t i v e .  The 
Goddard Space F l i g h t  Center conducted a s e r i e s  of sma l l  
sounding r o c k e t  experiments t o  measure t h e  ionosphe r i c  
D r eg ion  e l e c t r o n  d e n s i t y  p ro f i l e  dur ing  success ive  
s t a g e s  of t h e  e c l i p s e .  From t h e s e  measurements t oge the r  
w i t h  t h e  a v a i l a b l e  X-ray da ta  i t  is concluded t h a t  
1 - 8 A  X-rays were not  t h e  dominant source  of D r e g i o n  
i o n i z a t i o n  below 78 km. 

0 



INTRODUCTION 
I t  is gene ra l ly  be l ieved  t h a t  dur ing  q u i e t  sun cond i t ions  

t h e  D r eg ion  of t h e  ionosphere ( i . e .  t h e  a l t i t u d e  i n t e r v a l  
between 70 and 85 km) is produced by t h e  Lyman alpha i o n i z a t i o n  
of n i t r i c  oxide.  However, during pe r iods  of increased  s o l a r  
a c t i v i t y  t h e  f l u x  of k i l o v o l t  X-rays p e n e t r a t i n g  t h e  D reg ion  
i n c r e a s e s  by o r d e r s  of magnitude whi le  t h e  Lyman alpha f l u x  
remains cons t an t .  A t  some l e v e l  of a c t i v i t y  it can be expected 
t h a t  t h e  product ion of D reg ion  i o n i z a t i o n  by X-rays w i l l  
exceed t h e  Lyman a l p h a - n i t r i c  oxide c o n t r i b u t i o n .  A t  any given 
t ime however it is d i f f i c u l t  t o  e v a l u a t e  the  r e l a t i v e  weights  
of t h e s e  two i o n i z a t i o n  sources  because t h e  n i t r i c  oxide 
concen t r a t ion  is a g ross  unce r t a in ty .  An a l t e r n a t i v e  t o  t h i s  

impasse might be provided by t h e  cond i t ions  a t  a s o l a r  e c l i p s e .  
The May 20, 1966 s o l a r  e c l i p s e  occurred dur ing  a per iod  

i n  which t h e  sun was moderately a c t i v e .  X-ray photographs of 
t h e  sun (Underwood and Muney, 1967) on t h e  day of t h e  e c l i p s e  
show t h r e e  a c t i v e  r eg ions  for emissions i n  t he  3 - l l A  wavelength 
i n t e r v a l .  By t h e  covering and uncovering of t hese  s p o t s  t h e  
s o l a r  e c l i p s e  provides  an i d e a l  s i t u a t i o n  for s tudying  t h e  
e f f e c t s  of t h e s e  X-rays on t h e  D r eg ion  i o n i z a t i o n  c o n t e c t .  

0 

The p a t h  of t h e  May 20, 1966 s o l a r  e c l i p s e  a s  it passed 
over Greece is shown i n  Figure 1. In  c o l l a b o r a t i o n  wi th  the  
Ionospheric  I n s t i t u t e  of t h e  Univers i ty  of Athens,  t h e  Goddard 
Space F l i g h t  Center  conducted a s e r i e s  of ARCAS rocke t  experiments  
t o  measure t h e  D r eg ion  e l e c t r o n  dens i ty  p r o f i l e  dur ing  success ive  
s t a g e s  of t h e  e c l i p s e .  The experimental  s i t e  was loca ted  on t h e  

beach a t  Koroni i n  t h e  southern Peloponese,  while  t h e  r o c k e t  
launchings took p l ace  from a s h i p  l o c a t e d  approximately 3 km 
o f f  shore .  

The rocke t  f i r i n g  schedule toge the r  wi th  t h e  p e r t i n e n t  
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parameters  of t h e  e c l i p s e  a r e  g iveo  i r ,  Table  1. The e c l i p s e  
d a t a  r e f e r s  to  a l o c a t i o n  c l o s e  t o  t h e  peak of t he  r o c k e t  
tr a j ec t  or y . 

TABLE 1 

I l luni inat  i on 

Date Event Local Zen i th  Lymarn (X-ray) :* S o l a r  
Time Angle Alpha* A c t i v i t y * + *  

May 20 F i r s t  Contact 1 O : O O  114 
Zorba I1 10: 00 37O ., 0 1.00 1.00 
Zorba I11 10:45 28O.O 0.53 0.66 

Ec l ipse  

Zorba I V  11 :30 21.5O 0.09 0.00 

Zorba V 12: 15 17.2' 0.66 0.83 

Maximum 11 :25  

Zorba V I  13 : 00 18.0° 1.80 1.00 

May 21 Zorba V I 1  11 :30 21.5O 12 1 

Las t  Contact 1 3 : O O  

* Propor t iona l  t o  unec l ip sed  s o l a r  d i s c  a r e a .  
** 1-88 X-ray band 
*** 2800 Mc/s f l u x  (High A l t i t u d e  Observatory,  Boulder Colorado].  

0 

EXPERIMENTAL METHOD 
T h e  e l e c t r o n  d e n s i t y  p r o f i l e s  were de te rmi red  from r a d i o  

propagat ion  measurement,s. The w e l l  known Faraday r o t a t i o n  acd 
d i f f e r e n t i a l  abso rp t ion  e f f e c t s  were measured O Q  cw r a d i o  
t r ansmiss ions  a t  2.73 and 4.03 Me/s. FOP each f requency  a l i n e a r l y  
p o l a r i z e d  s i g n a l  was r a d i a t e d  from a ground based antenna and 
r ece ived  on a s e p a r a t e  l i n e a r l y  p o l a r i z e d  axpt,enrYa i n  t h e  rocke t , .  
The mechanical s p i n  of t he  rocket of about 2 5  c y c l e s  per  seconds 
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was used t o  r o t a t e  r e c e i v i n g  antenna through t h e  p o l a r i z a t i o n  
p a t t e r n  of t h e  a r r i v i n g  wave. The t e l eme te red  s i g n a l  s t r e n g t h  
e x h i b i t e d  a f a d i n g  p a t t e r n  which was t h e  sum of t h e  r o c k e t  s p i n  
frequency and t h e  ionosphe r i c  Faraday r o t a t i o n .  A comparison 
of t h i s  f a d i n g  p a t t e r n  w i t h  t h e  mechanical s p i n  pe r iod  y i e l d e d  
t h e  a l t i t u d e  v a r i a t i o n  of t h e  plane of p o l a r i z a t i o n .  The 

mechanical s p i n  pe r iod  was obta ined  Trom t h e  f a d i n g  p a t t e r n  
of t h e  240 Mc/s t e l eme t ry  c a r r i e r  f requency a s  oDserved on 
t h e  ground w i t h  a l i n e a r l y  po la r i zed  r e c e i v i n g  antenna. 

D i f f e r e n t i a l  abso rp t ion  da ta  is  a l s o  o b t a i n a b l e  from t h e  

f a d i n g  p a t t e r n  of t h e  r ece ived  s i g n a l  s t r e n g t h .  T h i s  fo l lows  
from t h e  f a c t  t h a t  t h e  maxima i n  t he  s i g n a l  s t r e n g t h  r e p r e s e n t s  
t h e  sum, w h i l e  t h e  n u l l s  r e p r e s e n t  t h e  d i f f e r e n c e  i n  t h e  o r d i n a r y  
and e x t r a o r d i n a r y  components of t h e  l i n e a r l y  p o l a r i z e d  wave. 

Under the  cond i t ion  of q u a s i - l o n g i t u d i n a l  propagat ion ,  the 

p l ane  of l i n e a r  p o l a r i z a t i o n ,  def ined  by t h e  angle  c p ,  r o t a t e s  
w i t h  rocket a l t i t u d e  z according t o  an expres s ion  of t h e  form: 

where Ne(z) is t h e  e l e c t r o n  d e n s i t y  and F is a c a l c u l a t e d  
f u n c t i o n  of t h e  exp lo r ing  frequency u ,  t h e  e l e c t r o n  gyro f r e q -  
uency u, and t h e  c o l l i s i o n  frequency v. The e x p l i c i t  form of 
F i n v o l v e s  t h e  Dingle  i n t e g r a l s  of t h e  g e n e r a l i z e d  Appleton- 
H a r t r e e  formula (see,  f o r  example, Sen and Wyller ,  1960).  

H 

D i f f e r e n t i a l  abso rp t ion  can be r e l a t e d  t o  t h e  ionosphe r i c  
parameters  by a s i m i l a r  expres s ion .  Denoting t h e  r ece ived  s i g n a l  
s t r e n g t h s  of t h e  two p o l a r i z a t i o n  modes a s  Eo and Ex t h e  a l t i t u d e  
v a r i a t i o n  of t h e  loga r i thmic  r a t i o  l n ( E o / E x )  can be expressed  a s  

I n  (Eo/Ex) = Ne ( z )G  ( i l l ,  
d az 
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where aga in  Ne(z) is  t h e  e l e c t r o n  d e n s i t y  and G ( z )  is  a c a l c u l a t e d  
a l t i t u d e  - dependent f u n c t i o n  involv ing  t h e  Dingle  i n t e g r a l s .  
Before e i t h e r  F (z )  or G ( z )  can be c a l c u l a t e d  i t  is necessary  t o  
assume a c o l l i s i o n  frequency model. I n  Table  I1 is l i s t e d  t h e  
c o l l i s i o n  frequency model used i n  the p r e s e n t  work. Th i s  model 
was based on t h e  mean monthly p r e s s u r e  d a t a  of Kantor and Cole 
(1965) and t h e  r e l a t i o n s h i p  of Phelps  (1960) 

(3 1 v = 6.28 x 10 7 p ( sec - l )  

where p is  t h e  atmospheric  p r e s s u r e  i n  m i l l i b a r s .  

ELECTRON DENSITY RESULTS 
Elec t ron  d e n s i t y  p r o f i l e s  were ob ta ined  f o r  a l l  s i x  r o c k e t  

f l i g h t s .  The exper imenta l  method y i e l d e d  f o u r  s e t s  of d a t a :  
1. Faraday r o t a t i o n  on 2.73 Mc/s (240 Mc/s reference). 
2. Faraday r o t a t i o n  on 4.03 Mc/s (240 Mc/s r e f e r e n c e ) .  
3. Dif fe rence  Faraday (2.73 Mc/s compared t o  4.03 Mc/’s) 
4. D i f f e r e n t i a l  abso rp t ion  on 2.7d Mc/s. 

The r e l a t i v e  q u a l i t y  of any one of t h e s e  s e t s  of d a t a  v a r i e d  
from f l i g h t  t o  f l i g h t .  T h i s  was due t o  both  e x t e r n a l  and isl terrlal  
causes .  E x t e r n a l l y  some r a d i o  i n t e r f e r e n c e  o n  2.73 Mc/s was 
encountered. I n t e r n a l l y ,  t h e  r a d i a t i o n  p a t t e r n  of t h e  240 Mc/s 
t r a n s m i t t i n g  antenna a p p a r e n t l y  underwent some de tun ing  duririg 
f l i g h t .  This  r e s u l t e d  i n  a Faraday r e f e r e n c e  s i g n a l  too crude 
for t h e  measurement of t h e  smal l  e lec t ron  d e n s i t y  i n  t h e  lower 
a l t i t u d e  r e g i o n .  I n  t h i s  r e g i o n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  was 
ob ta ined  from t h e  d i f f e r e n c e  Faraday ( i . e .  t h e  2.73 f a d i n g  p a t t e r r a  
compared with t h e  4.03 p a t t e r n )  and d i f f e r e n t i a l  a b s o r p t i o n  on 
2.73 Mc/s. 

F igu re  2 shows t h e  sp read  on the  e l e c t r o n  densiXy va lues  
de r ived  from t h r e e  s e t s  of d a t a  o b t a i n e d  on f l i g h t  l a b e l e d  
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Zorba V I .  A s i m i l a r  sp read  f o r  each Zorba f l i g h t  determined t h e  
u n c e r t a i n t y  a s s igned  t o  t h e  f i n a l  e l e c t r o n  d e n s i t y  p r o f i l e s  
g iven  i n  Table  11. The i n d i v i d u a l  p r o f i l e s  of Table  I1 a r e  
summarized i n  f i g u r e  3. This  shows t h a t  m o s t  of t h e  e f fec t  
of t h e  e c l i p s e  upon t h e  D r eg ion  e l e c t r o n  d e n s i t y  p r o f i l e  
appa ren t ly  occur s  near  t o t a l i t y .  

X-RAY INFORMATION 
I n  f i g u r e  4 a r e  shown maps of t h e  e c l i p s e d  sun a s  viewed 

f r o m  near  t h e  peak of each Zorba r o c k e t  t r a j e c t o r y .  These 
maps (which were k i n d l y  provided by A .  C .  Aikin)  show t h e  
l o c a t i o n  of t h e  r e g i o n s  of 3 - 1 1 A  X-ray emiss ions  a s  determined 
by Underwood and Muney ( l o c .  c i t . ) .  A l s o  ob ta ined  by Underwood 
and Muney was the  20 May X-ray spectrum i n  t h e  1 - 8 A  band from 
which a D r eg ion  i o n  product ion  f u n c t i o n  can be c a l c u l a t e d .  
T h i s  w i l l  be g iven  i n  t h e  next  s e c t i o n .  

0 

0 

0 
The e c l i p s e  was observed i n  t h e  1-8A X-ray band by a photo- 

meter aboard t h e  SOLRAD 8 s a t e l l i t e .  From t h i s  d a t a  Landini  
e t  a 1  (1966) o b t a i n e d  t h e  r e l a t i v e  weights  of t h e  West, C e n t r a l  
and E a s t  X-ray s p o t s  a s  3, 2 and 1 r e s p e c t i v e l y ,  These weights  
t o g e t h e r  w i t h  t h e  maps of f i g u r e  4 determined fo r  each  Zorba 
f l i g h t  t h e  r e l a t i v e  X-ray i l l u m i n a t i o n  g iven  i n  Table  I .  

DISCUSS ION 

A s  i n d i c a t e d  i n  Table  I ,  from one Zorba f l i g h t  t o  t h e  n e x t ,  
t h e  change i n  X-ray f l u x  is almost i d e n t i c a l  t o  t h e  change i n  
t h e  Lyman a lpha  i l l u m i n a t i o n ,  Th i s  s i t u a t i o n  p reven t s  u s  f r o m  
s e e i n g  a pure X-ray e f f ec t  i n  a comparison of t h e  Zorba e l e c t r o n  
d e n s i t y  p r o f i l e s .  From the  p r o f i l e s  w e  can however e s t a b l i s h  a 
lower l i m i t  on t h e  magnitude of t h e  i o n  product ion  f u n c t i o n  q, 
which appears  i n  t h e  e l e c t r o n  product ion and Loss equa t ion  a s  

.. 
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2 dN + cuN q = a t  (4) . 

Here N is t h e  e l e c t r o n  d e n s i t y  and a lpha  is an e f f e c t i v e  
recombination c o e f f i c i e n t .  For a p o s i t i v e  va lue  of dN/dt 
( i . e .  dur ing  t h e  recovery  phase of t h e  e c l i p s e )  

I 

- 
dN AN 

qrxrF€ 

I n  f i g u r e  5 is a p l o t  of E obta ined  from a comparison of t h e  

(5) 

e l e c t r o n  d e n s i t y  p r o f i l e s  of Zorba I V  and Zorba V. These 
measurements were s e p a r a t e d  i n  t i m e  by 45 minutes .  Included 
i n  f i g u r e  5 is t h e  i o n  product ion  f u n c t i o n  ob ta ined  by Bowling 
e t  a 1  (1967), from t h e  20 May X-ray s p e c t r a  d a t a  of Underwood 
and Muney. From f i g u r e  5 i t  can be concluded t h a t  on 20 May 
1966 a source o t h e r  t han  1-8A X-rays dominated t h e  i o n i z a t i o n  of 
t h e  D r eg ion  below 78 km.* S Z ~  S o o t n o t e  

5 x 10-4ergs/cm sec. 
Zorba V I 1  c o n t r o l  s h o t  t h e  i n t e g r a t e d  energy f l u x  i n  t h e  1-8A band 
had inc reased  t o  1.2 x 10-3ergs/cm sec (R. W .  K r e p l i n ,  p r i v a t e  
communication). A comparison of e l e c t r o n  d e n s i t y  p r o f i l e s  f o r  
Zorba V I 1  and Zorba V I  l i s t e d  i n  Table  I1 shows t h a t  t h i s  i n c r e a s e d  
X-ray f l u x  appa ren t ly  d i d  not  l e a d  t o  any pronounced i n c r e a s e  i n  
t h e  D reg ion  e l e c t r o n  d e n s i t y  va lues .  

0 

I 

F a e C 3  
0 

On 20 May t h e  i n t e g r a t e d  energy f l u x  i n  t h e  1-8A band was 
2 On t h e  fo l lowing  day a t  t h e  t i m e  of t h e  

0 

2 

CONCLUSION 

2 exceed a value of 10-3ergs/cm /sec t o  d i s t u r b  t h e  e lec t ron  
d e n s i t y  i n  t h e  D r e g i o n  below 80 km. T h i s  assumes of cour se  
t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  is  a monotonic f u n c t i o n  of energy.  
T h i s  p o i n t  t oge the r  w i t h  t h e  va lue  of t h e  t h r e s h o l d  energy f l u x  

0 
The i n t e g r a t e d  energy f l u x  i n  t h e  1-8A X-ray band must 
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f o r  D r eg ion  e f f e c t s  w i l l  be c l a r i f i e d  a s  more s imultaneous 
e l e c t r o n  d e n s i t y  p r o f i l e s  an,d X-ray s p e c t r a l  measurements become 
a v a i l a b l e  du r ing  t h e  upcoming years  of i n c r e a s e d  s o l a r  a c t i v i t y .  
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FOOTNOTE 

Implici t  i n  t h i s  argument is the  assumption t h a t  negat ive 
ions  do not provide a s i g n i f i c a n t  s i n k  and source of electrons 
during the eclipse. However i f  t h i s  assumption is i n v a l i d  w e  
can s t i l l  conclude t h a t  X-rays were no t  t h e  dominant i o n i z a t i o n  
source below 78 km. We argue a s  follows: f o r  t h e  cond i t ions  
e x i s t i n g  a t  the end of the eclipse (i.e. d~ = 0 )  w e  can 
c a l c u l a t e  t h e  e f f e c t i v e  recombination c o e f f i c i e n t  cyeff 

from t h e  Zorba V I  electron dens i ty  p r o f i l e  and the i o n  production 
f u n c t i o n  qx due t o  X-rays alone. 
Table 111. 

2 
= Q X M V I  

The r e s u l t s  are given in 

Table I11 
2 z (W qx(cm sec NvI (cmm3) cy = qxM -3 -1 

t 

80 4.0 x 10-1 870 f 80 (5.3 -t 1.0)x10-~ 

75 8.5 x 620 2 60 (2.2 2 O.4)x1Om7 

~ 70 2 . 0  x 280 2 50 (2.5 -k 0 . 9 ) ~ 1 0 - ~  

- 
= (1 + 1) (ad + lai) where X = N /Ne ( i .e .  the Since aeff - 

r a t i o  of the d e n s i t i e s  of negative ions  t o  electrons) is a 
decreas ing  f u n c t i o n  of a l t i t u d e ,  it is requ i r ed  t h a t  cyeff a l s o  
be a decreas ing  func t ion  of a l t i t u d e .  Since the values  of cy 

i n  Table  I11 do not  s a t i s f y  t h i s  a l t i t u d e  dependence, w e  
conclude t h a t  X-rays alone do not produce the D r eg ion  below 
approximately 80 km. 
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FIGURE CAPTIONS 

FIGURE 1 

FIGURE 2 

FIGURE 3 

FIGURE 4 

FIGURE 5 

Pa th  of t h e  May 20, 1966 e c l i p s e  i n  Greece. Ro:*kef; 

experiments  were conducted a t  Koroni. 

Spread on Zorba V I  e l e c t r o n  d e n s i t y  va lues  deduced 
by t h r e e  s e p a r a t e  methods. 

E l e c t r o n  d e n s i t y  p r o f i l e s  ob ta ined  du r ing  t h e  course  
of t h e  May 20, 1966 e c l i p s e .  

Obscurat ion of t h e  sun a s  viewed near  t h e  peak 
of each Zorba t r a j e c t o r y .  Included i n  each map 
a r e  i s o p l e t h s  of X-ray emission i n  t h e  3-llA band. 

0 

Experimental  de te rmina t ion  of t h e  minimum i o n  
product ion  func t ion .  The s o l i d  curve  was c a l c u l a t e d  
by Bowling e t  a 1  from the  20 May X-ray s p e c t r a  
measured by Underwood and Muney. 
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